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Introduction
Nonphotosynthetic pigments such as anthocyanins play diverse roles in plant life history. It is well known that the expression and localization of pigments in floral tissues can affect pollination success (Faegri and van der Pijl 1979) , and a number of studies have demonstrated that pollinators are agents of directional selection on floral color (Campbell et al. 1997; Schemske and Bradshaw 1999; Frey 2004; Irwin and Strauss 2005) . In addition, the presence of nonphotosynthetic pigments in vegetative tissues is well documented (Harborne 1991; Lee and Gould 2002) , and their relative abundance and distribution have been ascribed a variety of functions includ-ing, but not limited to, protection from UV radiation and herbivores (Gould 2004; Koes et al. 2005) . Several studies investigating the maintenance of floral color variation have suggested that pigment concentration may be linked to defensive ability against natural enemies through the direct pleiotropic properties of the pigments themselves or through the effects of shared metabolic pathways (Fineblum and Rausher 1997; Armbruster 2002; Irwin et al. 2003; Frey 2004 Frey , 2007 Strauss and Whittall 2006) . Finally, there is good evidence that the abundance and composition of anthocyanins and other flavonoids can directly impact pollen development and performance (Mo et al. 1992; Ylstra et al. 1992; Vogt and Taylor 1995; Frey 2007; Frey et al. 2011) .
It is not surprising that much of the work investigating the roles of pigments in plant life history has been focused on anthocyanins, given their near ubiquitous distribution among flowering plants. In contrast, less is known about the roles of betalains, which are restricted to certain members of the Caryophyllales and are fundamentally different from anthocyanins (Brockington et al. 2011) . Betalains are water-soluble "chromoalkaloids" that occur in floral and vegetative tissues and are broadly classified into the red/crimson betacyanins and the yellow betaxanthins, although there are multiple molecular species of each type (Mabry 1980; Clement and Mabry 1996) . Anthocyanins are phenolics produced from the phenylalaninederived flavonoid pathway, whereas betalains are produced from tyrosine through an entirely separate route. Betalamic acid, which is enzymatically derived from tyrosine-derived L-3,4-dihydroxyphenylalanine (L-DOPA), can spontaneously condense with cyclo-DOPA (and derivatives) via a cytochrome P450 enzyme to generate betacyanin or with a number of amino acids and amines in an unselective manner to generate betaxanthins (Tanaka et al. 2008; Hatlestad et al. 2012) . Although the functional expressions of anthocyanins and betalains appear to be mutually exclusive in plant species, it is interesting to note that betalain-producing species have functional anthocyanidin synthases (Shimada et al. 2005) and that both betacyanin and betaxanthin production are possible in anthocyanin-producing species (Harris et al. 2012) .
In this study, we used a common betalain-producing species, Mirabilis jalapa (four-o'-clock; Nyctaginaceae), to investigate possible associations between pigment concentration and a suite of phenotypic and reproductive traits. Individuals produce a single floral color variant, and colors in this system include stable white, yellow, pink, red, and magenta morphs with many areas of gradation in between (Leal et al. 2001) ; however, there are also examples of floral color variegation (broken colors) in commercially cultivated lines. Betalains can also be found throughout the body of M. jalapa; betacyanin pigments are primarily present in epidermal cells and can diffuse between neighboring cells, whereas betaxanthin pigments are found in both epidermal and parenchyma cells (van Kester et al. 1975) . Early work on M. jalapa and Beta vulgaris demonstrated the classic two-gene system for betalain production (Showalter 1934; Keller 1936) , which has since been updated by describing pleiotropic effects in the inheritance of floral color (Engels et al. 1975; Spitters et al. 1975 ) and functional identification of many responsible loci (Hatlestad et al. 2012) . Several forms of betacyanin and betaxanthin can be found in betalain-containing species at once, often accompanied by alkaloids such as tyramine and dopamine (Piatelli and Manale 1964; Piatelli et al. 1965; van Kester et al. 1975) . Given the systemic presence of these pigments throughout the plant body, the mutual exclusiveness of anthocyanins and betalains in plant taxa, and the polyfunctional nature of anthocyanins in other systems, we hypothesized that betalain pigments might also play diverse roles in plant life history.
To investigate this question, we took a three-pronged approach using horticultural varieties of M. jalapa. Recognizing that cultivation of this species began as many as 600 years ago for medicinal purposes and showy flowers (Showalter 1934; Leal et al. 2001) , we decided to perform two generations of haphazard outcrossing within and among varieties before starting our studies. Although the history of artificial selection limits the interpretation of our results to some extent, it is worth noting that many important results regarding the architecture and evolution of plant pigment pathways were revealed using agricultural species such as maize (Coe et al. 1981) and tomato (Butelli et al. 2008) . We first used an observational study to document how betacyanin and betaxanthin concentrations in floral tissues were associated with floral color morph (in this study, yellow, pink, red, and magenta) and to determine whether these floral color morphs differed with respect to the concentrations of leaf betalains between early and late life stages. Simultaneously, we used these plants to investigate whether variation in floral and leaf pigmentation was associated with a series of phenological and performance measures to investigate whether there may be trade-offs associated with pigment production. Second, we performed an experimental assay with a generalist herbivore to investigate whether leaf betalain concentration was associated with resistance to herbivory. Finally, we performed a crossing experiment within and between the floral color morphs to investigate whether pollen performance was associated with the floral color of the donor or recipient plant.
Methods

Study System
Mirabilis jalapa (Nyctaginaceae) is a tropical American herb that produces compact inflorescences of flowers with actinomorphic, corolla-like calyxes on slightly decumbent, branching light-green stalks that often display a red or yellow tinge along the veins (Vanvinckenroye 1993; Leal et al. 2001) . Flowers open in the early evening, and stigmas remain receptive until the following morning when the flowers close, often brushing the dehisced anthers across the stigma, inducing self-pollination. Selfing appears to be the primary mode of reproduction in the field (Cruden 1973; Leal et al. 2001) , with some anthers even dehiscing in the bud before the flowers open in the greenhouse (A. E. Berardi, personal observation). Despite the high frequency of self-pollination, hawkmoths have been observed pollinating M. jalapa in the field (Cruden 1973; Leal et al. 2001 ). The ovary is unicarpellate, has a long style (3-4 cm), and produces black rounded achenes.
Pigmentation and Phenotypic Associations
We grew 160 plants in 1-L pots with I-PV Canadian growing mix (Fafard, Agawam, MA) at 21ЊC and 60% RH under a 10-h supplemental light schedule with sodium-halide lamps. We obtained seed stock from five commercial suppliers (Earthly Goods, New Albany, IN; Gurney's Seed and Nursery, Greendale, IN; Holland Wildflower Farm, Elkins, AK; Main Street Seed and Supply, Bay City, MI; and Veseys, York, Prince Edward Island, Canada). The seeds used in this study were the product of two generations of haphazard outcrossing among these original parental lines to try to maximize genetic variation and eliminate breeder-specific selection effects. Plants were watered daily and randomly rotated every week in the Colgate University Greenhouse.
We recorded days to germination, days to first true leaves, and days until first flower. We recorded weekly measures of plant height from germination through first flower (10 wk) and estimated the growth rate of each plant using a linear regression, which was a good fit for the pooled data ( 2 R p ). At flowering, we identified color morph by sight (yel-0.976 low, pink, red, magenta) and took spectral data from replicate flowers at three random locations on different petals using a S2000 miniature fiber-optic spectrophotometer with a PX-2 pulsed-xenon lamp (Ocean Optics, Dunedin, FL) . We recorded the percentage reflectance from 250-750 nm in 0.38-nm increments. Replicate measures of percentage reflectance were highly correlated within and among flowers on individual plants ( ; ), and we therefore pooled these r 1 0.90 P ! 0.001 measures to obtain a single estimate of percentage reflectance at each wavelength for each plant.
We collected two samples of leaf tissue from separate leaves using a standard single-hole punch at 2 wk postgermination and again at first flowering (10 wk postgermination). We also collected two samples of petal tissue from two different flowers per plant at first flowering. We then weighed the samples and placed them in a 1.5-mL microfuge tube on ice with 1.1 mL of betalain extraction solution (80% methanol and 50 mM ascorbic acid; Kobayashi 2002) , where they were ground with a micropestle, shaken on ice for 10 min, and centrifuged at 14,000 rpm for 20 min at 4ЊC. We transferred 1 mL of supernatant to a cuvette and analyzed it with a DU 800 spectrophotometer (Beckman Coulter, Danvers, MA). We recorded absorbance values at 480 nm (betaxanthin) and 538 nm (betacyanin) for each sample. We used the absorbance values in combination with the weight data and appropriate molecular extinction coefficients in a modified Beer-Lambert's equation to calculate the amount of betaxanthin or betacyanin present in the sample in units of milligrams per 100 g leaf tissue (Girod and Zyrd 1991; Cai et al. 1998; Kugler et al. 2004 ) and averaged to obtain a single per-plant P ! 0.001 estimate of betacyanin and betaxanthin in leaves at weeks 2 and 10 and in flowers. Three weeks after flowering, we cut all plants at the base of the stem, measured total leaf area using a LI-3000 leaf area meter and LI-3050C transparent belt conveyor (LICOR Biosciences, Lincoln, NE), and separately dried the stems and leaves of each plant at 60ЊC for 10 d to obtain dry biomass.
We took multiple approaches to investigate how floral color morphs varied with respect to the phenotypic traits measured. First, we used one-way ANOVAs to examine whether the morphs differed with respect to petal betacyanin and betaxanthin concentrations. We used a MANOVA to investigate whether the other traits discriminated the four floral color morphs and calculated a Kendall coefficient of concordance for the leaf pigmentation data (betacyanin and betaxanthin concentrations at weeks 2 and 10), the phenological data (days to germination, first true leaves, first flower), and the growth/ biomass data (growth rate, total leaf area, stem and leaf biomass) to see whether there was consistency with how individuals varied with respect to these traits (e.g., whether the rank order of individuals' leaf pigment concentrations at weeks 2 and 10 was consistent). We used a series of one-way ANOVAs to investigate the nature of among-morph variation for each of these traits alone.
We performed a simple correlation analysis with sequential Bonferroni correction to investigate how betacyanin and betaxanthin levels in leaves covaried with the phenological data and the growth/biomass data. Given the strong correlations among total leaf area, stem biomass, and leaf biomass, we used the total leaf area data in this analysis and excluded the biomass data. To investigate whether the structure of covariation among these nine traits (betacyanin and betaxanthin concentrations in leaves at weeks 2 and 10, days to germination, first true leaves, first flower, growth rate, total leaf area) was maintained among the four color morphs, we used the common principal components (CPC) method (Flury 1988 ) and the CPC program (http://pages.uoregon.edu/pphil/programs /cpc/cpc.htm). This technique is commonly used to infer the degree of multivariate similarity among covariance matrices and uses a "jump-up" and "step-up" approach (Phillips and Arnold 1999) . The jump-up technique utilizes log-likelihood ratio tests to compare a model that assumes complete heterogeneity among the color morph covariance matrices (i.e., unrelated) to progressively similar models (i.e., number of shared principal components to proportionality to equality) until a statistically significant deviation is encountered. The step-up approach instead tests the likelihood that a particular model is valid (e.g., two shared principal components among the morphs) against the next-lower model (e.g., one shared principal component among the morphs). Traits were standardized to units of within-trait standard deviations (zero mean, unit variance) prior to calculating the phenotypic variance-covariance matrices.
Pigmentation and Herbivory
In this second study, we planted 250 seeds that were the product of one generation of haphazard outcrossing among parental stocks obtained from four commercial suppliers (Earthly Goods, Gurney's Wildflower Farm, Main Street Seed and Supply, and Veseys). Plants were grown under the same conditions as described above.
To test whether leaf pigment concentration was associated with herbivore damage, we performed a leaf damage bioassay using Popillia japonica (Japanese beetles; Scarabaeidae) caught locally in Hamilton, New York, using traps (Tanglefoot, Grand Rapids, MI). We chose to use P. japonica because this species is a widespread generalist herbivore and was observed damaging M. jalapa in local gardens, although not to the extent of other plants (F. M. Frey, personal observation). Generalist herbivores should be prone to the general chemical defenses of plants, whereas specialist herbivores tend to be less sensitive to their host plant's defensive chemicals (Agrawal and Fishbein 2006) . Therefore, if betalains serve as or are associated with defensive chemicals in M. jalapa, we predicted that we would be able to observe the effects of plant defense with these generalist herbivores. We housed the Japanese beetles in growth chambers at 23Њ-25ЊC with broad-spectrum fluorescent lighting from 0630 to 2100 hours to simulate summer day length and fed them lettuce leaves (Lactuca sativa; Asteraceae) ad lib. prior to the assays. At 4 wk postgermination, we randomly selected 93 plants to use in this study, measured betaxanthin and betacyanin concentrations (mg/100 g) from three separate leaves as described above, and pooled the measures to obtain a single estimate of betaxanthin and betacyanin for each plant. We cut newly opened leaves at the petiole and photographed them with a Nikon D100 camera on a white background with 1232 INTERNATIONAL JOURNAL OF PLANT SCIENCES a scale bar. We then placed each leaf in a 100 # 15-mm petri dish with a wet paper towel and one randomly selected Japanese beetle. We starved the Japanese beetles for at least 4 h prior to the feeding trial so that no food remained in their gut (Held and Potter 2003) and weighed them immediately before being placed in the petri dish with the leaf. All treatments were initiated between 1300 and 1500 hours and continued for a 24-h period in the growth chamber. At the conclusion of the trial, we weighed the beetles and photographed the leaves again on a white background with a scale bar. Each plant was tested three separate times with a different Japanese beetle.
We used ImageJ (http://rsbweb.nih.gov/ij) to calculate percent leaf removal as final leaf area/initial leaf area and calculated the percent change in beetle weight as (final weight Ϫ initial weight)/initial weight. There were a total of 78 plants for which we had complete replication and measures of leaf betaxanthin and betacyanin concentrations, and for each plant we averaged the three measures of percent leaf removal and percent weight change. The data for each of the four variables were not significantly different from a normal distribution (one-sample Kolmogorov-Smirnov tests, ), and we P 1 0.10 used a simple correlation analysis to examine associations between them.
Pigmentation and Pollen Performance
To test whether floral color morphs differed with respect to pollen performance, we used the remaining plants from the second study (250 planted, one generation of haphazard outcrossing among parental lines) for a pollen tube growth experiment at flowering (yellow p 67, pink p 16, red p 19, magenta p 38). We divided plants by floral color and randomly designated 75 plants as pollen recipients and 65 plants as pollen donors, crossing them such that each pollen recipient plant received pollen from 2 to 4 pollen donor plants in duplicate. Given the timing of flowering among plants, it was not possible to have complete replication of pollen donor color morphs on all recipients. We emasculated flowers on pollenrecipient plants the morning prior to opening to prevent selfpollination. When the stigmatic surface was receptive (between 1700 and 2200 hours), we transferred a relatively high pollen load (20-30 grains; Niesenbaum 1999) to two separate flowers using pollen pooled from at least two flowers from the identified donor. We performed 196 outcross pollinations between the color morphs (392 crosses) and 39 self-pollinations (78 crosses). One hour following pollination, we collected the styles and fixed them in 70% ethanol. After rinsing with distilled water, we softened and cleared styles with 1 M NaOH and then rinsed them again with distilled water before staining with 0.1% aniline blue in 0.1 M K 3 PO 4 (Niesenbaum 1999 ). We measured the length of each style with digital calipers and then examined them at 100# under UV light. The number of pollen tubes per style ranged from 0 to 8, and the length of the longest pollen tube per style was measured from the stigmatic surface to the tip of the pollen tube using SPOT Imaging Solutions (Sterling Heights, MI). We averaged the two style length measures and pollen tube lengths from each pollen recipient-donor combination.
We used a one-way ANOVA to investigate whether variation in style length was associated with the floral color of the recipient plant. To analyze the pollen tube data, we first used a series of log-likelihood tests ("G-tests") to see whether the proportion of crosses that resulted in pollen tube penetration of the style was associated with self-or outcross pollination, the floral color of the pollen recipient, and the floral color of the pollen donor ( ). We then looked at those data for n p 235 which pollen tubes penetrated the style ( ) and used a n p 178 one-way ANOVA to examine whether variation in pollen tube length was associated with self-or outcross pollination. Because this analysis showed that pollen tube lengths were not statistically different between outcross and self-treatments, we then used a two-way ANOVA to see whether variation in pollen tube length was associated with the floral color of the pollen donor or recipient ( ). We also performed this same n p 178 analysis on the subset of data that resulted from outcross pollination ( ). With the exception of the CPC analyses, n p 143 all statistics were performed using SPSS for Mac OSX (SPSS v18, Chicago, IL).
Results
Pigmentation and Phenotypic Associations
Of the total 160 plants grown, there were 18 yellow, 10 pink, 95 red, and 37 magenta morphs ( fig. 1A) . The spectral measures indicate that these are relatively discrete floral color morphs, with a large amount of variation among floral color morphs between 400 and 650 nm and relatively little variation within floral color morphs ( fig. 1B) a large concentration of betaxanthin, pink morphs having little betaxanthin and betacyanin, red morphs having high concentrations of both pigments, and magenta morphs having a large concentration of betacyanin ( fig. 1C ). The phenotypic traits measured (leaf betaxanthin and betacyanin at weeks 2 and 10; days to germination, first true leaves, and first flower; growth rate; leaf area; stem and leaf biomass) significantly discriminated the four floral color variants (Wilk's , , ). As would be l p 0.66 F p 1.83 P ! 0.01 33, 401 expected given the nature of the traits measured, there was significant consistency in how these 11 traits varied among individuals in the data set (Kendall coefficient of concordance: , , ; fig. 2 ). This consistency was W p 0.85 df p 10 P ! 0.001 strongest for the phenological traits (days to germination, first true leaves, and first flower; , , ) and W p 1.0 df p 2 P ! 0.001 more moderate for the growth/biomass traits (growth rate, leaf area, stem and leaf biomass; , , ) and W p 0.62 df p 3 P ! 0.001 pigmentation traits (leaf betaxanthin and betacyanin concentrations at weeks 2 and 10; , , ). W p 0.39 df p 3 P ! 0.001 There was significant variation among the floral color morphs for leaf betacyanin concentration (mg/100 g) at 2 wk postgermination (yellow:
; the floral color morphs did not vary for betaxanthin concen- Leaf betacyanin and betaxanthin concentrations were strongly correlated with each other at weeks 2 and 10 postgermination, and leaf betacyanin concentration was strongly correlated between the 2-and 10-wk measures (table 1) . Not surprisingly, days to germination, first leaf, and first flower were highly correlated, and total leaf area, stem biomass, and leaf biomass were highly correlated (table 1). Stem biomass was positively correlated with growth rate and negatively correlated with days to first flower; interestingly, leaf betaxanthin concentration at week 10 was positively correlated with days to first flower (table 1) .
The CPC analyses showed that there was significant heterogeneity among the color morphs with respect to the structure of the phenotypic covariance matrices (table 2). In the jumpup approach, the null hypothesis assuming complete heterogeneity among the four color morphs was indistinguishable from a model that assumed that one common principal component was weakly rejected ( , ). Taken together, these results indicate that the 35.3 P ! 0.01 structure of the phenotypic covariation matrices for these traits is rather unrelated; at most, color morphs share a common orientation for only two of the nine axes of variation.
Pigmentation and Herbivory
At 4 wk postgermination, leaf betaxanthin (mean: 29.41 ) and betacyanin (mean: mg/100 g ‫ע‬ 1.00 SE 6.61 mg/100 ) were highly correlated ( , ) and g ‫ע‬ 0.35 SE r p 0.74 P ! 0.001 negatively associated with percent leaf removal by Japanese beetles (betaxanthin: , ; betacyanin: r p Ϫ0.32 P ! 0.01 r p , ; fig. 3 ). Percent leaf removal was positively Ϫ0.29 P ! 0.01 associated with percent beetle weight change ( , r p 0.47 P ! ). 0.001
Pigmentation and Pollen Performance
Style length did not vary among the floral color morphs (mean: ; , ). There 3.79 cm ‫ע‬ 0.15 SE F p 0.173 P 1 0.10
was a greater proportion of pollen tubes penetrating the style in self-pollinations compared to outcross pollinations (90% vs. 73%; , ) but no evidence that this dif-G p 5.79 P ! 0.05 ference was associated with the floral color of the donor or recipient plant (
). There was no evidence that pollen P 1 0.10 tube length was associated with self-or outcross pollination ( , ); however, there was a strong effect of F p 0.19 P 1 0.10 1, 176 ...
Note. Traits measured are leaf betaxanthin and betacyanin concentration (mg/100 g) at 2 wk (BX_A, BC_A, respectively) and 10 wk (BX_B, BC_B, respectively) postgermination, days to germination (D_G), days to first true leaf (D_L), days to first flower (D_F), growth rate (Growth), total leaf area (TLA), stem biomass (Stem), and leaf biomass (Leaf). Pearson's correlation coefficients (above diagonal) and P values (below diagonal) are shown. Underlined correlation coefficients are those considered statistically significant following a Bonferroni correction. pink donor morphs were shorter than the mean, and pollen tubes from red and magenta donor morphs were longer than the mean, with pollen from yellow and red donor morphs performing best on yellow-flowered recipients, pollen from pink donor morphs performing equally well on all recipient morphs, and pollen from magenta donor morphs performing least well on yellow-flowered recipients ( fig. 4 ).
Discussion
In this study, we investigated whether betalain pigments might play diverse roles in plant life history using a phenotypic and experimental approach with horticultural lines of Mirabilis jalapa. Mirabilis jalapa produces several color morphs, including white flowers lacking betalain pigments and broken color patterns. We observed four discrete floral color morphs in this study: yellow, pink, red, and magenta. These morphs differed predictably with petal betaxanthin and betacyanin concentrations: yellow petals had high levels of betaxanthin, magenta petals had high levels of betacyanin, red petals had high and roughly equal concentrations of both pigments, and pink petals had low levels of betacyanin and very little betaxanthin. Floral color morphs also differed with respect to leaf betacyanin concentration at 2 wk postgermination, with redand magenta-flowering morphs having higher concentrations of leaf betacyanin than yellow-flowering or pink-flowering morphs. These differences between the morphs with respect to leaf betacyanin concentration persisted but weakened by 10 wk postgermination. The color morphs did not significantly vary with respect to leaf betaxanthin concentration.
The differences among floral color morphs in leaf betacyanin concentration at the seedling stage led us to ask whether leaf pigment concentration might be associated with (1) a stress response at the seedling stage or (2) defense against herbivory at the seedling stage. Anthocyanins, the analog to betalains in the plant kingdom, have been shown to accumulate in vegetative tissues under stressful situations in plants to act as freeradical scavengers, to reduce photoinhibition, to act as thermoregulators or osmoregulators, or even to serve as an antiherbivory signal (Gould 2004) . Betalains themselves are chromoalkaloids and may act as part of the generalized defense system in M. jalapa. However, given that other alkaloids have been detected in M. jalapa and that betalain expression may be linked to alkaloid production, we suggest that betalains may act as a part of the M. jalapa defense syndrome or a suite of quantitative defensive traits (Agrawal and Fishbein 2006) . We tested our hypothesis with generalist herbivores, which should be sensitive to the general chemical defenses of plants (Agrawal and Fishbein 2006) . Our results showed that as betalain concentration increased, percent leaf removal decreased, although it was surprising to us that the association was stronger for betaxanthin concentration than betacyanin concentration. Clearly, further studies are needed to parse out the exact function of leaf betalain expression in herbivore defense, but these data suggest that some floral color morphs may be better defended against herbivores than others, providing a possible pleiotropic nature of pigment expression that is in line with work on other systems (Irwin et al 2003; Frey 2004; Strauss et al. 2004) .
In addition to measuring leaf pigment concentration at 2 and 10 wk postgermination, we also took phenological data (days to germination, first true leaves, first flower) and growth/ biomass data (growth rate, total leaf area, stem and leaf biomass) to investigate patterns of phenotypic variation among the color morphs and make inferences about the phenotypic architecture. Although these phenotypic patterns likely do not reflect the exact nature of the underlying genetic structure (Willis et al. 1991) , data such as these are useful for understanding how the expression of floral color might be linked to other traits and how the evolution of floral color might take place in light of multiple selection pressures (i.e., whether betacyanin expression is associated to varying degrees with targets of fecundity, fertility, and viability selection). In a multivariate sense, the leaf pigmentation, phenological, and growth/biomass data significantly discriminated among the four color morphs, suggesting that the flower color morphs differ broadly in phenotypic architecture and perhaps targets of selection. Interestingly, pink-flowering morphs tended to be about a half standard deviation above the mean with respect to growth/ biomass traits and about a half standard deviation below the mean with respect to days to germination and first true leaves ( fig. 2 ), although in a strictly univariate sense color morphs did not significantly differ with respect to these six individuals traits. These data may suggest a possible cost to betalain production in the form of a trade-off between allocation to the production of betalain pigments and aspects of life history (Agrawal 2011) ; perhaps increased betalain production results in longer times to germination/first true leaf and slower growth rates, resulting in lower total leaf area and biomass. Taken together, these data suggest a possible pleiotropic link between betalain expression and life-history traits. Floral color morphs did not vary with respect to average style length, and the proportion of pollen tubes that penetrated the style was consistently greater in self-pollinations compared to outcross pollinations, regardless of the floral color of the donor or recipient plant. These results are in line with other work on pollen competition in M. jalapa (Niesenbaum and Schueller 1997; Niesenbaum 1999) . Interestingly, when pooled across all pollen recipients, pollen tubes from red-and magenta-flowered plants were longer than pollen tubes from yellow-and pink-flowered plants. There were also strong interactions between the floral color of the pollen donor and that of the pollen recipient with respect to average pollen tube length. When outcrossed, pollen from magenta-flowered morphs performed the poorest on yellow-flowered recipients, whereas pollen from yellow-and red-flowered morphs performed the best on yellow-flowered recipients. Although we have no data on betacyanin and betaxanthin concentrations in tapetal cells or stylar tissues, these structures are pigmented in the same fashion as the petals and could contain similar levels of betacyanins and betaxanthins. If so, it is possible that betacyanin production is positively associated with pollen development, and perhaps there is some relationship between betaxanthin level in the style and the performance of outcrossed pollen developed in high-or low-betaxanthin environments. These interactions between pollen donor and recipient floral color morphs may also contribute to the maintenance of high-betacyanin-containing and high-betaxanthin-containing floral color morphs in M. jalapa.
Our results suggest that betalain pigments have multiple ecological and evolutionary roles in plant life history. Betacyanin and betaxanthin expression might be indirect or direct targets of sexual, viability, and fecundity selection (Arnold 1994) . Clearly, flower color might influence rates of pollinator visitation (sexual selection), and there is some evidence to suggest hawkmoth preferences for yellow flowers over red flowers (Hirota et al. 2012) . Our results show that betacyanin and betaxanthin concentrations in leaves were negatively associated with leaf damage by a generalist herbivore (viability selection) and that pollen performance was associated with betacyanin and betaxanthin levels in the donor or recipient flowers (fecundity selection). In addition, the phenotypic analyses suggest that the floral color morphs significantly differ with respect to phenotypic architecture. Not only did the measured traits significantly discriminate the floral color morphs but also little of the multivariate structure of the phenotypic covariance matrices was shared among the floral color morphs. If the patterns revealed in these phenotypic analyses reflect underlying genetic covariance structures, it would appear that the color morphs have different genetic architectures and therefore may follow different evolutionary courses when exposed to potential indirect selection pressures on betacyanin and betaxanthin expression.
